In the near future, many countries, including the Republic of Korea, will face a significant increase in low level radioactive waste (LLW) from nuclear power plant decommissioning. The purpose of this paper is to look at blending as a method for enhancing disposal options for low-level radioactive waste from the decommissioning of nuclear reactors. The 2007 U.S.
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Purpose and Background
The purpose of this paper is to look at concentration averaging or blending radioactive waste of varying concentrations as a method for enhancing disposal options for waste from reactor operations and more importantly decommissioning of nuclear reactors.
Decommissioning nuclear facilities means safely removing a facility or site from service and reducing residual radioactivity to a level that permits either of the following actions:
• Release the property for unrestricted use, and terminate the license.
• Release the property under restricted conditions, and terminate the license.
The objectives of waste management for decommissioning are to limit the generation and release of radioactive contamination and to reduce the volume of waste for storage and disposal. This limits human exposures, environmental impact, and the total costs associated with waste management.
Many countries including the U.S. and the Republic of
Korea face a significant increase in low level radioactive waste from nuclear power plant decommissioning in the near future. This fact has been recognized by the NRC in its 2007 Strategic Assessment of the U.S. NRCs Low-Level Radioactive Waste Regulatory Program [1] . Korea faces a similar problem with the potential for large quantities of decommissioning waste. Korea recently announced that it will shut down its oldest reactor, Kori 1 in 2017. This will be the first reactor in Korea to transition from operations to decommissioning and it presents an opportunity to develop decommissioning technologies. This paper discusses concentration averaging as a method to reduce the volume of LLW for disposal that could be considered in planning for the Kori 1 decommissioning. There is not currently a VLLW disposal facility in Korea. The assumption is made that disposal costs for VLLW will be significantly lower than the disposal costs for LLW in the Wolsong repository.
Thus concentration averaging and blending LLW may be highly beneficial from a cost perspective. There may also be potential source term reductions that result from this approach.
Radioactive wastes may are generated throughout the life cycle of a nuclear power plant. These wastes can be categorized as follows [2] :
• Operational wastes in the form of solids, liquids and gases
• Plant components resulting from maintenance, modification or life extension work (e.g. steam generators, pumps, valves, control rods, spent filters, etc.)
• Materials from the structure of the plant and equipment (e.g. metals and concrete that result in large quantities of waste upon decommissioning Large quantities of materials will be generated during decommissioning and dismantling. A significant proportion of these materials will only be slightly contaminated with radioactivity. Due to economies of scale, recycling and reuse options are more likely to be cost effective for such large quantities of materials than for the relatively smaller quantities arising during operation [2] . These materials also present opportunities to manage waste more effectively by utilizing the approaches to concentration averaging and blending discussed in this paper.
Concentration Averaging and Blending LLW for Disposal
NRC Position on Blending
Blending as defined by the NRC is"the mixing of LLW with different concentrations of radionuclides, which results in a relatively homogeneous mixture that may be appropriate for disposal in a licensed facility. The types of waste may include those that are physically and chemically similar (such as ion-exchange resins from nuclear power plant systems). It could also include different waste types that can be made into a relatively homogeneous final mixture, such as soil and ash. Blending does not include placement of discrete wastes of varying concentrations into a disposal container, or the averaging of concentrations of radioactivity of a discrete component over its volume. Blending is confined to waste types that have physical properties that result in a homogeneous final waste form." [3] .
The NRC's current position on blending is that largescale LLW blending may be conducted when it can be demonstrated to be safe. The NRC allows blending based on risk and performance measures for public health and safety.
NRC's decision-making involving blending is based on performance. Performance means that the blended waste must meet the limits on radiation exposures at the disposal facility and limits on how much the radioactivity concentration may vary (i.e., how well-mixed it must be) [3] .
Branch Technical Position on Concentration Averaging and Encapsulation
Concentration averaging is the mathematical averag- 
The Revised CA BTP Guidance for Blending LLW
Blendable Waste
The 1995 CA BTP did not use the term"blendable waste". It addressed two categories of waste, discrete items and wastes assumed to be homogeneous. The revised CA BTP introduces the term"blendable waste"to describe waste that is not treated as discrete items but which has unknown homogeneity. A waste stream is considered to be blendable if:
• The waste can be physically mixed to create relatively uniform radionuclide concentrations or
• The waste is not expected to contain durable items with significant activity Examples of blendable wastes include contaminated soils, ash, ion-exchange resins, evaporator bottom concentrates, and contaminated trash [4] .
Demonstration of Adequate Blending
Adequate blending is a requirement for the mixture of blended waste that provides assurance that the mixture of waste has a uniform concentration without hot spots. If blending is inadequate there may be volumes of relatively concentrated waste in the blended product. Demonstrating adequate blending can be based on process knowledge, reasoned conclusions, calculations, or direct measurements [4] .
The revised CA BTP includes a standard for the homoge- The recommended constraint on the size of these sources for disposal has been increased from 1.1 TBq (30 Ci) to 4.8 TBq (130 Ci), based on new, more risk-informed analysis.
Demonstration of Adequate Mixing in Blended Low-Level Radioactive Waste
The 1995 CA BTP constrained the concentrations of inputs to a mixture of blended waste and therefore did not need to address the homogeneity of the final mixture. It included a ''Factor of 10'' concentration limit on waste blending which limited blending of waste streams with radionuclide concentrations to within a factor of 10 of the average concentrations in the blended product. The revised CA BTP specifies certain thresholds on radionuclide concentrations of waste streams that are blended together. Above these thresholds, licensees should demonstrate waste is adequately blended.
Alternative Approaches
The addition of specific guidance for licensees to use in proposing site-or waste-specific averaging approaches, rather than the generic approaches specified in the body of the CA BTP.
Risk-Informed Treatment of Cartridge Filters
In the 1995 CA BTP, cartridge filters-a waste type generated during the operation of nuclear power plants-were defined as discrete objects subject to certain averaging constraints on each filter. Each filter had to be radiologically characterized and fit within the specified averaging constraints of the 1995 CA BTP. The revised CA BTP allows for the treatment of such filters as blendable waste.
Risk-Informed Averaging of Other Discrete Waste Items
The 1995 CA BTP constrained the averaging of discrete items with its Factors of 1.5 (which applied to primary gamma emitters) and 10 (which applied to other radionuclides). The revised CA BTP ties the averaging factors to the class limit for radionuclide concentration. 
Ion Exchange Resins
As 
Cartridge Filters
Cartridge filters are found in a variety of nuclear power plant applications, including primary side letdown and For volumes larger than shown in Table 2 adequate mixing must be demonstrated makeup water, steam generator blowdown, spent fuel pool and auxiliary cooling water systems. Previously in the 1995 CA BTP the filters could only be managed as discrete items for disposal. Each filter had to be radiologically characterized and managed within the specified averaging constraints. While that approach may still be used, the revised CA BTP also allows filters to be treated as blendable waste. Filters can now be part of a blended waste mixture classified based on its total radioactivity, rather than as individual items. This method is allowed because many filters do not present a gamma hazard to an intruder, based on their radionuclide concentrations. Cartridge filters that not to contain primary gamma emitters (cobalt-60, niobium-94, and cesium-137) with activity greater than the limits in Table 3 of the CA BTP may be treated as blendable waste [4] .
Averaging of Other Discrete Waste Items
Discrete items are generally one of the following waste types: activated metals, sealed sources, cartridge filters, contaminated materials, and components incorporating radioactivity into their design. The 1995 CA BTP constrained the averaging of discrete items by applying factors of 1.5
for primary gamma emitters and 10 for other radionuclides.
The factors applied to the average radionuclide concentrations in mixtures of certain discrete items, such as activated metals. The average radionuclide concentrations in a mixture volume average had to be less than the factor (1.5 or 10) times the maximum concentration for any item. The 2015 CA BTP ties the averaging factors to the class limit for radionuclide concentrations not the average of the mixture.
The class limits are based on a maximum dose of 5 mSv/yr exposure to an inadvertent intruder. Thus the new method is risk-based because averaging is based on a dose limit. The NRC also changed the factor of 1.5 to 2 given the overall uncertainty in the estimate.
There are two approaches for averaging discrete items, using an activity limit or a concentration limit. For primary gamma-emitting radionuclides ( 60 Co, 94 Nb, or 137 Cs), the activity limits are provided in Table 2 screening criteria may be used:
• If each item is less than 37 MBq, the activities may be volume averaged for the entire mixture.
• If any discrete item has an activity greater than 37 MBq, the entire mixture maybe conservatively classified as the same class as discrete item with the highest classification.
If the above screening criteria are not used, concentration-averaging constraints can be used for classifying a mixture of items belonging to a single waste type. If primary gamma-emitting radionuclides control the waste classification, more restrictive averaging constraints apply. If radionuclides other than primary gamma-emitting radionuclides control the classification, less restrictive averaging constraints apply [4] .
Stakeholder Issues Related to Blending
Fifteen organizations representing a variety of interests submitted comments on the draft CA BTP during the revision process. Table 3 . 2015 CA BTP: Recommended Activity Limits of Primary Gamma Emitters [4] professional organizations, an advocacy group, and a waste services company. Several stakeholder questions and the NRC responses that are relevant for NPP LLW management are briefly discussed below [4] :
What is the difference between blending and dilution and will blending increase the disposal volume?
In the past, NRC has discouraged the blending or dilu- 
Decommissioning Waste
Decommissioning NPPs in Korea
Korea has 25 nuclear power reactors currently operating. Korea's reactor fleet consists of 21 PWRs and 4 CAN-DU reactors [6] . The first reactor to be decommissioned will be Kori Unit 1 which will be shut down in 2017. The decommissioning source term for PWRs has been studied [7] and a recent study has documented the Wolsong Unit 1 CANDU reactor source term [8] . This information is important for developing decommissioning and dismantling strategies and the corresponding regulatory guidance.
The decommissioning waste will represent a significant LLW disposal challenge due to activation of the massive components which include the concrete bio-shield, reactor vessel, reactor internals, and reactor coolant system. These components will have substantial amounts of activation products that were formed over the life of the reactor. The exact isotopic mix in the massive components of the reactor is to a large extent dependent on the particular decommissioning strategy and the time frame chosen for implementation. In any event, the massive components by their very bulk will require a different disposal approach than the reactor operational wastes. The approach that has been taken in the U.S. and other countries for the massive components is nearsurface disposal. Especially VLLW is disposed in simple trench facilities with very simple packaging requirements.
Bio-shield Concrete
The concrete bio-shield is a one of the massive reactor components that undergoes neutron activation during reactor operation. It surrounds the reactor vessel and its thickness depends on the specific reactor type and design. The bio-shield has a wide distribution of specific activity with an exponential decline in concentrations that varies with depth (distance from the reactor vessel). The wide distribution of specific activities makes the bio-shield concrete amenable to the concentration averaging approach for
classification. An activation model is used to calculate the expected levels of long-lived neutron activation products in the bio-shield concrete. Fig. 1 shows an activation calculation result from an activation model for a bio-shield concrete from the Wolsong Unit 1 CANDU reactor [8] .
The graph shows the results for the Pacific Northwest Laboratory for PWR bio-shield concrete [7] showed higher levels of activation than for the Wolsong Unit 1 CANDU reactor. This is expected from the higher neutron flux in the PWR as compared to the CANDU reactor. The depth variation in specific activity could be averaged using the concentration averaging approach to optimize waste classification for disposal.
Earlier research showed that a wide range of compositional variation exists in concrete reflecting geologic differences in the quarry sites used for the aggregate and variability in the impurities in the concrete [7] . The activation patterns in the bio-shield concrete studies showed that a complex isotopic mixture is possible due to the differences in geochemical composition of the concrete samples. Of the bio-shield concretes studied the highest activation was less that the LLW upper limit with maximum activation occurring between 10 and 20 cm depth from the inner surface for most isotopes due to neutron activation in the concrete.
Much of the mass of bio-shield concrete is of considerably lower levels of activation. In general the bio-shield would be sectioned at the depth corresponding to the clearance level. The remainder will meet clearance level for disposal as non-radioactive waste.
These results suggest that the bio-shield concrete from decommissioned reactors could be managed for disposal using concentration averaging to VLLW after sectioning the activated part of the bio-shield. 
Conclusions
The NRC's current position on blending is that largescale LLW concentration averaging and blending may be conducted when it can be demonstrated to be safe. The NRC allows concentration averaging based on risk and performance measures for public health and safety.
LLW concentration averaging and blending is an approach to waste management that can give greater flexibility for disposal options for NPP waste from the entire life cycle of the plant which includes operational wastes and most importantly large quantities of decommissioning wastes.
Concentration averaging could be applied to the concrete bio-shield to potentially facilitate disposal in a simple trench facility as opposed to the LLW disposal facility. It is assumed that disposal costs would be significantly lower 
